We study the collective charge excitations (plasmons) in spin-polarized graphene, and derive explicit expressions for their dispersion in the undamped regime. From this, we are able to calculate the critical wave vector beyond which the plasmon enters the electron-hole continuum, its quality factor decreasing sharply. We find that the value of the critical wave vector is strongly spin polarization-dependent, in a way that has no analog in ordinary two-dimensional electron gases. The origin of this effect is in the coupling between the plasmon and the inter-band electron-hole pairs of the minority spin carriers. We show that the effect is robust with respect to the inclusion of disorder and we suggest that it can be exploited to experimentally determine the spin polarization of graphene.
INTRODUCTION
Collective oscillations of the electronic charge (also known as plasmons), after being for many years a topic of fundamental research in solid state physics [1] [2] [3] [4] , have recently emerged as a vector of information in a new generation of electronic devices, compressing the energy of electromagnetic field to the nanometer scale [5] [6] [7] . At the same time, a major effort is underway to couple the spin of electrons to electric fields with the objective to perform memory and logical operations. In this context, the interaction of plasmons with spins has received relatively little attention [8] [9] [10] . It has generally been assumed that spin polarization, occurring either spontaneously, or by the application of a magnetic field, or by spin injection under non equilibrium conditions, would have only a minor effect on the propagation of the charge mode. In a recent paper, we have pointed out the possibility that a new collective modea spin mode -might appear in a strongly spin-polarized Galilean-invariant two-dimensional electron gas (2DEG) within the pseudo-gap that separates the high-frequency single-particle excitations of the majority-spin electrons from the low-frequency single-particle excitations of the minority-spin component [10] . While this is a qualitatively new feature of spin-polarized electron liquids, it does not affect the main characteristics of the charge plasmon.
The situation is profoundly different and far more interesting in the two-dimensional spin-polarized electron gas in graphene [11] [12] [13] [14] [15] , which is the subject of this paper. At the root of the difference is the existence of low-energy inter-band excitations in which an electron from the lower cone of the massless Dirac fermion band structure is promoted to the upper cone without spin flip. These inter-band excitations are absent in the ordinary Galilean-invariant 2DEG. As the spin polarization of the electron gas increases, the energy of inter-band excitations of the minority-spin component decreases and eventually it becomes so small that it matches, at a critical wave vector q c , the energy of the charged plasmon at the same wave vector. When this happens, the plasmon ceases to be a well-defined excitation, since there is nothing to prevent it from decaying into the inter-band electron-hole (e-h) pairs of the minority-spin component (Landau damping). Experimentally, the onset of this decay process should show up as a sharp drop in the value of the quality factor, that is to say, the number of plasma oscillations that occur during an average plasmon lifetime. This sharp onset, being strongly spin-dependent, offers a new and unexpected way to determine the spin polarization of electrons in graphene from measurements of the plasmon lifetime. This paper is organized as follows. In Sec. we review the RPA theory of plasmons in clean spin polarized graphene. We calculate the undamped plasmon dispersion as a function of spin polarization and show that, at variance with the Galilean-invariant 2DEG, there can be no spin plasmon for any spin polarization, because the Fermi velocities of up-and down-spin electrons are identical. We go on to compute the onset of Landau damping of the charge plasmon and the spin polarization dependence of the quality factor of this mode. In Sec. , we show that our results are robust against the inclusion of disorder. Specifically, we show that short-range impurities in a high-mobility sample introduce a lower wave vector q * c below which the charge plasmon becomes unstable to diffusion. Above this wave vector the plasmon dispersion calculated in Sec. is essentially unchanged, and so is the sharp onset of Landau damping at q c . Section summarizes our results and conclusions.
RPA THEORY OF PLASMONS IN GRAPHENE
We consider doped monolayer graphene at zerotemperature, within the regime of applicability of the low energy linear-band dispersion relation [16] , with a finite arXiv:1505.01095v2 [cond-mat.mes-hall] 14 Jun 2015 spin polarization. Spin polarization in graphene can be induced through various means, such as non-equilibrium spin injection [17, 18] , or optical excitation [19] , or proximity effect [20] . However, for the sake of modeling spinpolarized graphene in the simplest possible way, we assume that the polarization is induced by an in-plane Zeeman field B, which has negligible orbital effects. For a given valley, the energy dispersion of the spin-resolved bands is given by
where ξ = + (−) indicates the conduction (valence) band, σ = + (−) indicates ↑-spin (↓-spin) electrons, v F is the Fermi velocity in graphene, which is typically 10 6 m/s -independent of the applied Zeeman field, and g b is the Landé g-factor, while µ b is the Bohr magneton. The total density of states in graphene is given by g s g v |ε|/(2πv 2 F ), with g s = 2 and g v = 2 being the spin and valley degeneracies, respectively. The Fermi momentum in unpolarized graphene is k F ≡ 4πn/g s g v , and the associated Fermi energy is ε F =hv F k F . The spin polarization is defined as
for small magnetic fields, where n σ is the spin polarized carrier density in graphene. The spin-resolved Fermi wave vectors k Fσ can be expressed in terms of P as
In the rest of the paper we will consider P > 1 without loss of generality. The WignerSeitz parameter r s , which indicates the relative strength of Coulomb interactions, is a constant and it is given by r s = e 2 /κhv F , where κ is the static dielectric constant of the substrate hosting graphene monolayer.
Following Refs. [2, 10] the collective density excitations within RPA in a spin-polarized medium are given by the zeros of the complex longitudinal dielectric function
where χ 0σ are the spin-resolved response functions of the non-interacting spin-polarized medium, and V q denotes the Fourier transform of the screened or unscreened Coulomb potential. The oscillation frequency of various collective modes ω osc (typically charge and spin plasmons) and the corresponding damping rate (or inverse lifetime) γ osc , is obtained by solving for the complex roots of Eq. (2): ω = ω osc (q) − iγ osc (q), for a given q. Note that for the stability of the collective mode it is essential that γ osc > 0. The collective mode typically decays by creating single electron-hole pairs (Landau damping), which occurs if the frequency of the collective mode lies in the e-h continuum, which in graphene can arise either from intra-band or inter-band e-h excitations. If the damping rate γ osc is small, it can be estimated by doing a Laurent-Taylor expansion of the dielectric function around ω osc [10] . For a frequency independent V q , it is 
FIG. 1: (a)
Real and imaginary parts of the RPA dielectric function (q, ω) vs ω for a 2DEG (parabolic dispersion) system. The zero of the dielectric function marked by the small circle corresponds to the spin plasmon mode in 2DEG [10] .
(b) Real and imaginary parts (q, ω) vs ω for graphene. Note that there is no spin plasmon mode in graphene. Other parameters are chosen to be P = 0.5, q/kF = 0.1, and rs = 2.5 for both panels. The thin vertical lines in both panels mark the location of the known plasmon mode in the long wavelength limit, i.e., in graphene ω pl /εF = 2rsq/kF and in 2DEG ω pl /εF = 2 3/2 rsq/kF.
given by
In an actual experimental scenario, the physical observability of a damped collective mode depends on the sharpness of its resonance peak, which is captured by the quality factor of the collective mode, defined as Q = ω osc (q)/γ osc (q). The spin-polarized Lindhard function for graphene [12] is best expressed in terms of the dimensionless variables,
and at T = 0, for complex frequencies it is explicitly given by [15, 21] 
where
and
In the long wavelength limit, q → 0 with ω > v F q fixed, which is important for optical spectroscopy and the plasma oscillations, the spin-polarized Lindhard function can be approximated as
As a check of Eq. (8) we note that a similar approximate expression for the Lindhard function (without spin polarization) has also been derived in the context of topological insulators, [22] which have the same quasiparticle dispersion as graphene.
Having calculated the Lindhard function we now focus on the zeros of the dielectric function, i.e., the collective modes. In Fig. 1, we [10] , while in graphene there is only one stable collective mode and it corresponds to charge plasmons. Physically this is a direct consequence of the fact that in a 2DEG with parabolic dispersion relation, the Fermi velocity of the majority spin carriers can be significantly larger than the Fermi velocity of the minority spin carriers. This opens up a region of reduced spectral density (pseudogap), which is clearly visible in Fig. 1a ) between the peaks associated with e-h excitations of the majority and minority spin carriers: it is in this window that the spin plasmon lives. At variance with this, the Fermi velocities of graphene are the same for both spin species and, as a consequence, there is no spectral window in which the spin plasmon can find a home (see Fig. 1 ).
We now proceed to calculate the dispersion of the charge plasmon in spin-polarized graphene [11] [12] [13] [14] . Substituting Eq. (8) in Eq. (2) leads to the following approximate plasmon dispersion,
where we have defined δ(P ) ≡ √ 1 + P + √ 1 − P . Note that δ(P ) is a monotonically decreasing function of P , varying from δ(0) = 2 to δ(1) = √ 2. For the usual case of long range unscreened Coulomb repulsion in 2D, V q = 2πe 2 /κq, where κ is the dielectric constant of the substrate, we have N 0 V q = 2r s k F /q (with the factor of two originating from the valley degeneracy) and Eq. (9) can be rewritten as,
The plasmon mode in spin polarized graphene enters the e-h continuum of the inter-band transitions of the minority spin species when it crosses the region specified by ω + v F q ≥ 2k F v F (1 − P ) 1/2 , and the critical wave vector is obtained to be
. In the limiting case of P → 0, i.e., unpolarized graphene, 
Eq. (11) reduces to
As a consistency check we note that Eq. (10) can be expanded around q → 0 to obtain
(13) Here the first term in Eq. (13) gives the well known √ q behavior of the plasmon dispersion in 2D, and the second term, which also depends on the spin polarization, gives the additional correction which was reported earlier in the context of plasmons in unpolarized (P = 0, δ(P ) = 2) intercalated graphite [11] . In Fig. 2 we plot the loss function and the plasmon dispersion, both numerically calculated (solid black curve) and evaluated from the analytical expression (10) (green circles) for P = 0, 0.25, 0.5, and 0.75. Observe how increasing the degree of spin polarization leads to a decreasing value of q c , the critical wave vector for which the plasmon mode enters the inter-band continuum of the minority spin species, i.e., ω pl (q c ) = 2hv F k F↓ − v F q c for P > 0. This is also reflected in the inverse of the quality factor as a function of q, which should be zero for q < q c since the mode is completely undamped in the present approximation, and will become finite as soon as the plasmon mode enters the inter-band e-h continuum of the minority spin carriers. This is clearly shown in Fig. 3 which also highlights the fact that the critical q c (11) and marked by thin vertical lines. A second cusp occurs when the plasmon enters the inter-band e-h continuum of the majority spin species, whose approximate location is specified by Eq. (11) with P → −P , and becomes visible for large values of P . (b) shows the critical qc beyond which the plasmon mode enters the inter-band e-h continuum. The P dependence of the critical qc arises almost entirely from the shift in the boundary of the inter-band continuum: this is shown by the curve labeled "interband", in which the polarization dependence of the plasmon dispersion has been neglected. Further the maximum deviation of Eq. (11) from the exactly calculated critical wave vector occurs for P → 0, and is less that 6.7%. We have taken rs = 0.5 in both the panels.
decreases with increasing spin polarization. This jump in the quality factor of the plasmon mode at q = q c can be used to estimate q c experimentally, and comparing this to either Eq. (11) or the exact numerical value of q c , should give a good estimate of the degree of spin polarization P .
EFFECT OF DIFFUSION ON THE PLASMON DISPERSION
In this section we study the effect of weak disorder on the charge plasmon mode [23] in spin-polarized graphene. For sufficiently dilute impurities, the collective modes of the disordered system are still given by Eq. (2), provided that the bare Lindhard function is replaced by the disorder-averaged response function. A suitable expression for the latter was given by Mermin [24] , based on a relaxation time approximation. It is given by
where χ 0σ (q, ω) is the Lindhard response function of the clean system, and τ is the elastic lifetime of the momentum eigenstates in the presence of static disorder. Note that Eq. (14) is actually equivalent to the sum of impurity ladder diagrams (diffusons) in the diffusive regime [23] , and it also has the correct high-frequency behaviour (the collisionless regime). An approximate disorder-averaged Lindhard function can now be obtained by substituting Eq. (8) 
Note that, except for the spin dependent pre factors, Eq. (15) has a functional form similar to that of the disordered response function of a 2DEG with parabolic dispersion relation, evaluated by means of a perturbation theory in Ref. [23] . Now even the low energy plasmon dispersion will have an imaginary component and can be obtained by substituting Eq. (15) in Eq. (2). It is explicitly given by
where δ(P ) is defined below Eq. (9). For unscreened Coulomb repulsion V q = 2πe 2 /q, Eq. (16) reduces to Equation (17) immediately implies that in spinpolarized graphene with dilute disorder, collective density excitations can exist only for wave-vectors greater than a critical wave-vector (q * c ) which is analytically given by
Equation (18) is consistent with the physical intuition that coherent collective excitations cannot exist for length scales longer than the mean free path, i.e., longwavelength plasmons "diffuse" in the disordered medium. The approximate value of the quality factor (for q > q * c ) can be obtained from Eq. (17), and is given by
In panels b) and c) of Fig. 4 we plot the inverse quality factor Q −1 vs q for various strengths of disorder (b) and degrees of polarization (c). The overall behavior of Q −1 is a U-shaped curve -the quality factor decreasing sharply both at large wave vectors (where Landau damping from inter-band excitations begins) and at low wave vector, where diffusion damping takes over. In the region of very small wave vectors, a plot of the quality factor itself (panel d) more conveniently illustrates the strong damping of the plasmon below the lower critical wave vector q * c . The dependence of the lower critical wave vector q * c on spin polarization could also be used, in principle, for an experimental estimation of P , but this approach would suffer from much larger uncertainties than the one based on the determination of the upper critical wave vector q c .
CONCLUSION
In summary, we have studied the collective density excitations of spin-polarized graphene, and derived explicit expressions for their dispersion and the critical wave vector for the onset on Landau damping, considering the clean case as well as the weakly disordered case. Our analytical results are in excellent agreement with the exact numerical results. We have found that, unlike the case of 2DEG, both the plasmon dispersion, and the upper critical wave-vector beyond which the plasmon mode decays into the e-h continuum, are strongly spin polarization dependent. Further we have shown that this effect is robust with respect to the inclusion of disorder. The dependence of the upper critical wave-vector on spin polarization will manifest as a cusp in the measured quality factor, which we propose can be used to experimentally determine the spin polarization of graphene.
